ABSTRACT: Thin flakes of black phosphorus (BP) are a two-dimensional (2D) semiconductor whose energy gap is predicted being sensitive to the number of layers and external perturbations. Very recently, it was found that a simple method of potassium (K) doping on the surface of BP closes its band gap completely, producing a Dirac semimetal state with a linear band dispersion in the armchair direction and a quadratic one in the zigzag direction. Here, based on first-principles density functional calculations, we predict that, beyond the critical K density of the gap closure, 2D massless Dirac Fermions (i.e., Dirac cones) emerge in K-doped few-layer BP, with linear band dispersions in all momentum directions, and the electronic states around Dirac points have chiral pseudospins and Berry's phase. These features are robust with respect to the spin-orbit interaction and may lead to graphene-like electronic transport properties with greater flexibility for potential device applications.
Previous studies of BP have shown that the conduction and valence band dispersions show quadratic dependence on k along the zigzag direction and asymptotic linear one along the armchair direction. 7, 8 Our calculated results of pristine four-layer BP before the deposition of the potassium atoms confirm these features with an energy gap of 0.36 eV, as shown in Figure 1b 
where v x = ħk D /m * = 0.86×10 5 m/s is the velocity along the zigzag direction at the Dirac point and k x ' = k x -k D is the value of k x with respect to the Dirac point. Here v y = 2.8×10 5 m/s. The Hamiltonian (3) implies that the chiral pseudospin should exist, which we can confirm by calculating the electronic wave functions near the Dirac point. As shown in Figure 3 , electronic wave functions at an energy slightly above the Dirac point change rapidly depending on the k-vector direction. We can assign 
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So far we did not consider the spin-orbit interaction in the K-doped BP system. When the spin-orbit interaction is included in our calculation using additional Kleinman-Bylander projectors derived from fully relativistic j-dependent pseudopotentials, 30 Finally, we discuss the crossover from the 2D Dirac semimetal to the insulator. As the amount of deposited K atoms reduces, the magnitude of the inverted energy gap |E g | decreases and the Dirac points move toward the Γ point. In our calculations, we can reduce the effect of the K atoms gradually by moving them farther away from their equilibrium distance from BP, which is equivalent to reducing the density of deposited K atoms experimentally. Thus, at a critical density of the K atoms, the valence band and the conducting band touch only at the Γ point, 21 and the two bands are quadratic along the x direction and linear along the y direction, 21 as shown in Figure 4 . We can write the lowenergy effective Hamiltonian at this critical point as
which is the same as the Hamiltonian (2) with k D = 0 and also the same as the Hamiltonian (1) In conclusion, we have introduced K atoms on the surface of four-layer BP to invert the band gap of pristine BP. As the band inversion occurs, the overlapped bands make only two crossing points in the momentum space and 2D massless Dirac Fermions emerge at those points, entailing the chiral pseudospins and the Berry's phase. We have shown that the emerged Dirac cones are robust with respect to the spin-orbit interaction. Without opening a gap, the spin-orbit coupling slightly shifts the spin-degenerate Dirac cones in opposite directions depending on the real-spin polarization direction.
Because the band inversion can be controlled by the surface density of K atoms, the results presented here are the switchable massless Dirac Fermions in a 2D material, which would be applied for the new device developments.
Computational Methods
We first determined the equilibrium lattice constants and internal parameters of bulk BP (space group number: 64, Bmab) using the WIEN2k code 31 and obtained the equilibrium lattice constants of a = 3.32, b = 4.57, and c = 11.33 Å. We used the Perdew-Burke-Ernzerhof-type (PBE) generalized gradient approximation (GGA) 23 for the exchange-correlation. The calculated band gaps (E g ) are 0.21 eV for bulk BP and 0.98 eV for phosphorene (monolayer BP). These values agree well with the previous experimental and theoretical reports. 7, 8 The optimization of cell parameters and atomic positions is crucial in achieving the finite band gap without hybrid functionals or GW approximations. 10 As shown in Figure S1 , we confirmed that the overall band structure with GGA is in good agreement with experimental ARPES data and the hybrid functional results. 7 Then, using the optimized bulk structure, we constructed multilayer BP structures and calculated their band structures using the SIESTA code, 22 where the exchange-correlation was treated with GGA (PBE). The electronic wave functions and charge densities were projected onto a real-space grid with an equivalent energy cutoff of 500 Ry and integrated using a 12×12 k-grid in the 2D Brillouin zone for all multilayer-BP calculations. The spin-orbit interaction is incorporated within a fully relativistic jdependent pseudopotential 32 and treated in the l-dependent fully separable nonlocal form using additional Kleinman-Bylander projectors. 33, 34 Our method for the spin-orbit interaction is well tested with the Rashba splitting of the Au (111) surface states 30 and topological surface states of Bi 2 Se 3 .
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For K-doped BP, a single K atom was added on each 2×2 surface unit cell of multilayer BP.
Atomic relaxation was performed for the K atom and the topmost P layer, and atomic displacements of P atoms were found smaller than 0.1 Å. In order to describe a lower K density effectively, the vertical distance between K and BP is gradually increased from the equilibrium (2.7 Å), which reduces the effect of the K atom without change in the supercell size. The validity of this method was checked by comparison with results from larger supercell calculations (up to 4×4 surface supercell and 6-layer BP) with lower K densities at equilibrium distance. 
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Derivation of effective Hamiltonian
In the pristine four-layer PB without the potassium doping, the band dispersion along the y direction (the armchair direction) shows an asymptotic linear behavior as the k point goes away from the Γ point, as shown in Fig. 2d 
For a better interpretation, we consider a matrix transformation, H' = UHU -1 , using
Under this transformation, the identity matrix and the Pauli matrices are transformed as UIU -1 = I, 
value. As the K-doping density is increased more, the band gap is reduced further. When the K doping reaches a critical value, making the conduction and valence bands touch at one k point as shown in 
